A new diamond-anvil high-pressure cell is described which can be used in single-crystal X-ray diffraction instruments to collect X-ray intensity data from single-crystal samples up to hydrostatic pressures of about 10 GPa. A unique design allows two types of diffraction geometry to be applied in single-crystal high-pressure diffraction experiments. More than 85% of the Ewald sphere is accessible, and a continuous range of 20 values is available from 0 up to about 160 ° . Pressure may be calibrated by the ruby fluorescence technique or by the use of an internal Xray-standard single crystal. The design of our diamond-anvil cell would allow, with little or no modification, operation at high and low temperatures, optical studies and powder diffractometer work.
I. Introduction
The majority of high-pressure cells built for X-ray diffraction employ the opposed-diamond geometry, which is the most convenient mode for generation of a very high pressure at the interface of the diamond anvils with comparatively little force. Diamond-anvil cells differ significantly in diffraction geometry, shape of the device and the mechanism for generating and transferring force to the diamond anvils. The first two factors determine the accessibility of the available reciprocal space and the X-ray absorption. Two types of diffraction geometry are available in single-crystal high-pressure diffraction experiments.
In the case of transmission geometry, which is the most popular mode, the primary beam enters the cell through one diamond and the diffracted beam leaves it through the other (Merrill & Basset, 1974; Fourme, 1968; Hazen & Finger, 1977 Keller & Holzapfel, 1977) . The area of reciprocal space available for X-ray examination ranges approximately from 40 to 50% of the Ewald sphere and depends on the shape of the cell. For integrated intensity measurements, the simple radial symmetry of the cell allows accurate determination of the absorption corrections.
The transverse geometry in which the X-rays enter and exit the cell through the same diamond has been applied and described in the literature in only a few cases (Schiferl, 1977; Schiferl, Jamieson & Lenko, 1978; Malinowski, Glinnemann & Schulz, 1982; Ahsbahs, 1984; Koepke, Dietrich, Glinnemann & Schulz, 1985) . This kind of geometry has three advantages over the transmission mode: (i) a large area of the Ewald sphere is available; (ii) the cell can be constructed without or with a minimum amount of beryllium (which is highly toxic and produces an additional background); and (iii) overlapping of reflections from the diamond and its attached reference crystal is reduced owing to partial shadowing by the metal gasket.
The transverse geometry provides very good access for unit-cell determinations but is not well suited for integrated intensity measurements. This limitation is a consequence of the very complex absorption paths of X-rays passing through the diamond, gasket, crystal and back through the diamond.
A combination of transverse and transmission Xray geometries allows the construction of a highpressure cell for maximum sampling of reciprocal space.
Diffraction geometry
The new design of diamond-anvil cell presented in this paper allows both kinds of diffraction geometry to be available simultaneously.
If the goniometer head is mounted in position A ( Fig. l a) , the high-pressure cell can work in both transmission and transverse modes. In this case, for the orientation of the cell with respect to the X-ray beam illustrated in Fig 
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aperture of this cone, determined by the shape of the cell, is wide enough (~/2ma x = 40 °) to guarantee that the limit on the opening angle of the X-ray beam is set by the edges of the hole in the gasket. For a hole with diameter (d) larger than 150 lam and height (h) less than 150 lam ~/2 virtually does not depend on the diamond to which the sample is attached. Therefore, the best possible position of the sample resulting in the greatest area of reciprocal space available for measurements is on the surface of the diamond D2.
A schematic cross section of the pressure cell turned through 90 ° with respect to Fig. l(b) is presented in Fig. l(a) . In this case the diffracted beam (or primary beam, when the sample is penetrated through the diamond D2) has another limitation. For an X-ray beam lying in the plane of the drawing the angle ~0d available ranges from 0 to Y/2ma x. However, in the case where the angle between the X-ray beam and the plane of the drawing is larger than approximately 10 ° (10 ° corresponds to the thickness of the steel fingers), the accessible angular range of ~d ranges from 0 up to fl/2ma x (see Fig. lb ).
If the primary X-ray beam enters the pressure chamber through the diamond D2 and if the 20 values are sufficiently high, the high-pressure cell will work in the transverse geometry. This position of the cell is particularly useful when the Bond method for the determination of precise lattice parameters is to be applied.
Computer simulations based on a special highpressure measuring procedure for a Philips PW1100 diffractometer, which will be the subject of a separate paper, showed that with the cell described in this paper mounted on the goniometer head in position A (Fig. la; the arrow shows the axis of the goniometer head), at least 85% of the Ewald sphere was measurable.
In the case where the goniometer head is mounted in position B (Fig. l a) , the cell will work mainly in transverse geometry and about 45% of all independent reflections are measurable. It is obvious that with this geometry the Friedel pairs are in general not accessible. However, the construction presented allows measurement of at least 10% of them. In addition, for high o) and low 20 angles the cell can operate in a transmission mode without alteration to the setting of the goniometer head.
Design
The mechanical design of our high-pressure cell has been developed from a pressure device presented by Keller & Holzapfel (1977) . The yoke of the cell, which is an important detail of this instrument, consists of two parts, the upper part similar to the cell described by Keller & Holzapfel (1977) and the lower part of a quite new design which differs in shape from other cells. The upper part of the yoke has a cylindrical hole made with very high accuracy for a good fit to the piston, strictly parallel to the axis of the instrument. The yoke and movable piston, as components of the cell which are responsible for transferring the force to the diamond anvils, have been machined from high-quality steel, later hardened to RC 40-44 and RC 50-53, respectively. For the transmission of the X-ray beam into the high-pressure chamber, the piston and the beryllium holder fixed to it have wide conical holes with aperture 80 °. The generation of high pressure with a diamondanvil cell requires the diamond-anvil faces to be strictly parallel, and for this reason the beryllium holder (with the beryllium diamond support disc and upper diamond D t mounted to it) is hemispherically mounted on the movable piston and can be tilted in its socket by four adjusting screws. The holes for two of these vertical screws are shown in Fig. l(a) . The parallel alignment of diamond-anvil faces is determined by the optical interference fringe pattern.
The diamond must be supported by a strong material that is transparent to the X-ray beam. This is one reason for using beryllium, with its high tensile strength and low X-ray absorption, for the backing seats of the diamonds. In the present cell the supporting disc is 32 mm in diameter and 10 mm thick. In this disc a central hole of conical form with 16 ° aperture has been made by a spark erosion machine. This is necessary for optical observation of the sample and for the high-pressure calibration procedure based on the wavelength shift of the R1 fluorescence line of ruby. The upper diamond (Dr) with an anvil face 0.7 mm in diameter and modified brilliant design is cemented to one side of the beryllium disc by epoxy resin.
The lower part of the pressurizing yoke is in the form of two fingers which hold the beryllium beam with the lower diamond Dz. The beryllium beam is fixed to the steel fingers by epoxy resin which proved to be good enough protection against any sideways displacement under pressure. The lower diamond D 2 with an anvil face 1.2 mm in diameter and of standard design is held in place with epoxy resin that is carefully placed around it.
The high-pressure generating system used in the present cell is similar to the device described by Keller & Holzapfel (1977) . The pressure is generated by synchronously turning two threaded rods which connect the pressurizing yoke and lower ends of the brackets (Fig. lb) . In this case the lower ends of the brackets pull together and the upper ends of the brackets compress the moving piston and generate a force of up to approximately 5.5 kN. For the diamond with 0.7 mm diameter anvil face a force of 5 kN corresponds to a pressure of about 10 GPa. The main reason for using the bracket de.vice to achieve such a pressure is that it provides a simple and infallible pressurizing system which allows the generation of force continuously with small steps and with large force multiplication in excess of 5kN on the diamonds.
Absorption effect of the cell
Intensities measured in the diamond-anvil cell are strongly influenced by absorption effects from the diamond and beryllium components of the cell.
The absorption of X-rays passing through the present cell has been determined by measurement of the relative attenuation of the direct beam as a function of the angle q~ between the beam and the axis of the cell (Finger & King, 1978) . The cell with an Inconel gasket was mounted on a Philips PWI100 four-circle diffractometer with Mo Ks radiation and a graphite monochromator was used. The attenuation of the direct beam was measured with an aluminium plate reducing the count rate to an acceptable level.
Measurements have been performed for values of Z from -90 to 90 ° in steps of 2 °. For each g step the count rate was measured for m angles from -41 to 41 ~" in steps of 1 ° 08! i08 i 1o. The relative transmission factors for two parts of the cell and for Z equal to 0 are plotted in Fig. 3 . Curve number l corresponds to the lower part and curve 2 to the upper part of the cell. For the lower part of the cell a direct X-ray beam illuminated the gasket material (Inconel 750x) with a drilled hole 0.21 mm in diameter, the lower diamond D 2 and the beryllium beam.
To determine the transmission factor for the upper part of the cell, the X-ray beam was transmitted through the upper diamond D1 and the beryllium diamond support disc. As shown in Fig. 3 , the measured intensities are mainly influenced by absorption effects from the upper part of the cell.
Use on a four-circle diffractometer
The present cell is mounted on a Philips PWll00 automatic diffractometer (Fig. 4) which is especially convenient for using this kind of device, because it is manufactured with a perfectly stable mechanical system. The high-pressure cell has a standard X YZ Fig. 4 . Photograph of the high-pressure cell with the X YZ goniometer head mounted on a PW1100 four-circle diffractometer.
goniometer head, which is used to adjust the cell (which weighs about 0.4kg) in three directions (Fig. 4) . This goniometer head is stable enough to guarantee that the crystals will remain in the X-ray beam in any position of the apparatus for a long time during the measurements. Accurate alignment of the crystal enclosed in the high-pressure chamber is carried out with the aid of a microscope with a magnification of 120 x and a focal length of 35 mm. The diamond-anvil device described has been successfully used in the determination of the influence of high hydrostatic pressure on lattice parameters of a single crystal of BaTiO a (Malinowski, Lukaszewicz & Asbrink, 1986) , for high-pressure study of V30 5 (Asbrink & Malinowski, 1987) and for high-pressure intensity data collection from a single crystal of BaTiO3 (in preparation).
